1 The class III antiarrhythmic azimilide has previously been shown to inhibit I Ks and I Kr in guinea-pig cardiac myocytes and I Ks (minK) channels expressed in Xenopus oocytes. Because HERG channels underly the conductance I Kr in human heart, the eects of azimilide on HERG channels expressed in Xenopus oocytes were the focus of the present study.
Introduction
I Kr channels encoded by human ether-a-gogo related gene (HERG) and I Ks channels (which are heteropolymers of I sK / KvLQT1 protein subunits) are both targets for selective class III antiarrhythmic drugs (Colatsky et al., 1990; Curran et al., 1995; Sanguinetti et al., 1995; 1996; Barhanin et al., 1996) . Whereas many speci®c HERG channel blockers have been identi®ed and developed , few compounds are known to block speci®cally I Ks channels (Suessbrich et al., 1996; Busch et al., 1996a,b; Salata et al., 1996) . The class III antiarrhythmic azimilide (NE-10064) was ®rst shown to block I sK channels expressed in Xenopus oocytes and the slowly activating I Ks conductance in guinea-pig cardiac myocytes (Busch et al., 1994a,b) . However, azimilide does not appear to be a speci®c I Ks blocker as recent studies have shown a more potent block of the HERG channel related conductance I Kr than I Ks in guinea-pig cardiac myocytes (Fermini et al., 1995) . In the heart, regulation of the K + conductances I Kr and I Ks by changes in heart rate, [K + ] e and stimulation of b-receptors determines the relative contribution of each to the action potential duration. This, at least partially, explains the reduced ecacy of I Kr blockers at elevated heart rates and/or b-adrenoceptor-induced tone (Sanguinetti et al., 1991; Jurkiewicz & Sanguinetti, 1993) . Whereas azimilide block of I sK and I Ks has been characterized in great detail (Busch et al., 1994a, b; Herzer et al., 1995) , nothing is known about the putative block of HERG channels by azimilide. Therefore, we examined the eects of azimilide on HERG channels expressed in Xenopus oocytes in an eort to understand better the mechanism and relative role of I Kr (HERG) block by this antiarrhythmic drug.
Methods
Handling and injection of Xenopus oocytes and synthesis of cRNA have previously been described in detail (Busch et al., 1996a) . The two-microelectrode voltage-clamp con®guration was used to record currents from Xenopus laevis oocytes. In several sets of experiments, oocytes were individually injected with cRNA encoding the K + channels HERG (Warmke & Ganetzky, 1994) . HERG S631A (SchoÈ nherr & Heinemann, 1996) , or human I sK (Murai et al., 1989) . Recordings were performed at 228C with a Geneclamp ampli®er (Axon Instruments, Foster City, U.S.A.) and MacLab D/A converter and software for data acquisition and analysis (AD Instruments, Castle Hill, Australia). To estimate deactivation kinetics (t deact ) of HERG channels, a single exponential function was ®tted to the tail currents at 785 mV after depolarizations to 715 mV. The control solution contained (mM): NaCl 96, KCl 2, CaCl 2 1.8, MgCl 2 1, HEPES 5 (titrated with NaOH to pH 7.4).
In some experiments KCl was raised to 10 mM by substituting 8 mM NaCl. The microelectrodes were ®lled with 3 M KCl solution and had resistances ranging from 0.5 to 0.9 MO.
AT-1 cell preparation and culture
AT-1 cells propagation in vivo by subcutaneous injection into syngenic host mice (female 2 ± 3 Mo. B6D2F1/J, Charles River, Wilmington, MA) and the isolation and culture of AT-1 cells were conducted as described previously (Delcarpio et al., 1991; Yang et al., 1994; Jurkiewicz et al., 1996) . The original AT-1 mouse colonies were established by Dr Loren Field (Krannert Institute of Cardiology, Indianapolis, IN) and the lineage at Merck Research Laboratories was established from tumour cells kindly provided by Dr Dan Roden (Vanderbilt University, Nashville, TN) . Before the voltage-clamp studies, AT-1 cells were treated with trypsin to dislodge them from the culture dishes and were stored in PC-1 culture medium (22 ± 248C). AT-1 cells were studied between days 6 and 18 of culture and within 14 h of isolation.
Voltage-clamp of AT-1 cells
Voltage-clamp studies of outward K + currents (I Kr ) were performed in the whole-cell recording mode by means of a List EPC-7 ampli®er. AT-1 cells were placed in a 0.5 ml chamber and were superfused with normal HEPES-buered saline (HBS) containing (mM): NaCl 132, KCl 4, CaCl 2 1.8, MgCl 2 1.2, HEPES 10 and glucose 10; pH = 7.2, at 24 ± 268C at a rate of 2 ml min 71 . Microelectrodes were made from square bore (1.0 mm, o.d.) borosilicate capillary tubing (Glass Co. of America, Bargaintown, NJ) and were ®lled with a solution containing (mM): KCl 110, K-BAPTA 5, K 2 ATP 5, MgCl 2 1 and HEPES 10; pH 7.2. Pipettes had tip resistances ranging from 3 to 7 MO (averaging 5.5+0.3 3MO). Series resistance was compensated 40 ± 70%. Currents were low-pass ®ltered (73 dB at 1 kHz) before digitization at 5 kHz. All cells were round in appearance, had large outward tail currents and resting membrane potentials (RMP) negative to 735 mV and did not contract spontaneously. Inward sodium (I Na ) and Ttype calcium (I Ca ) currents were inactivated by voltageclamping the cells to a holding potential (V h ) of 740 mV. Ltype I Ca was blocked with 0.4 ± 1 mmol 71 nisoldipine. Data acquisition and analysis were performed with pClamp software (Axon Instruments, Foster City, CA) and an IBM compatible 486 computer. Concentration-response relationships were determined by measuring currents in each cell under control conditions and during superfusion with successively increasing concentrations of drug.
Data are presented as mean values + s.e.mean and n represents the number of experiments performed. Concentration-blockade relationships were calculated with the Hill equation. Student's t test was used to test for statistical signi®cance, which was assumed to be obtained when P50.05.
Results
Injection of oocytes with cRNA encoding for HERG channels resulted in the induction of a K + conductance with activation and recti®cation properties that have been previously described (Sanguinetti et al., 1995) . HERG channels were activated by depolarization, but because C-type inactivation of these channels occurs more rapidly than activation, especially at depolarized potentials, activating outward currents at voltages 5 0 mV were relatively small. However, the deactivating tail currents obtained during repolarizing step to 780 mV were large as a result of rapid recovery from inactivation combined with slow deactivation. Azimilide blocked both the relatively small outward currents during 0.4 s depolarizing pulses from a holding potential of 780 mV to a test potential of 40 mV and the large tail outward currents at 780 mV (interpulse interval = 1 s). Figure 1a shows original current traces illustrating the concentration-dependent blockade of HERG channels by azimilide. The concentrationdependence of the blockade of HERG tail currents was ®tted with the Hill equation and yielded an IC 50 value of 5.2 + 0.2 mM and a Hill coecient & 1 (Figure 1b : n=6).
The block was completely reversible within 15 min of washout. The apparent anity of azimilide for HERG channels in Xenopus oocytes was approximately 10 fold lower than that obtained previously for I Kr in guinea-pig cardiac myocytes (Fermini et al., 1995) . This reduced potency or anity for HERG channels expressed in Xenopus oocytes compared with I Kr in guinea-pig myocytes has been commonly observed with other agents that block this channel Spector et al., 1996; Suessbrich et al., 1996) . Nevertheless, we examined the mechanism of HERG channel block by azimilide to determine possible factors aecting its apparent anity.
For an open channel blocker it is expected that block increases with an increase of the activated channel population. This was analysed in an envelope of tails test for azimilide (3 mM). As shown in Figure 2a and b, the inhibition of HERG channels indeed increased with an increase in channel activation. Once maximal channel activation was obtained (after approximately 120 ms at 20 mV, re¯ected by maximal tail currents), an increase in the depolarization duration did not further increase azimilide-mediated HERG channel inhibition (n=6). During the envelope of tails test the time course of tail deactivation did not change. At control the tail current deactivation time constants (t deact ) were 299 + 27 ms and 332+35 ms after 80 and 640 ms depolarizing steps, respectively. In the presence of azimilide (3 mM) t deact was 294 + 34 ms and 314 + 32 ms after 80 and 640 ms depolarizing steps, respectively.
As a consequence of unbinding of a blocker during channel deactivation, the time constant of deactivation increases. However, we found no eect of azimilide on the rate of HERG channel deactivation. Time constants of deactivation at 780 mV were 0.33 + 0.02 s and 0.31 + 0.02 s in control solution and 2 mM azimilide, respectively (n=5). This indicates that azimilide unbinding occurs very slowly and cannot be resolved during the period of channel deactivation. Previously, we have shown a rate-and voltage-dependence of HERG channel block by the histamine receptor antagonists astemizole and terfenadine and the antipsychotic durg haloperidol (Suessbrich et al., 1996; 1997b) . Therefore, we analysed the azimilide blockade of HERG channels at distinct voltages and activation rates. In contrast to other HERG channel blockers, the block of HERG channels by azimilide was voltage-independent. Analysis of tail currents following voltage steps from 720 to 40 mV (at increments of 15 mV; 3 s interval between depolarizations) showed similar steady-state inhibition of approximately 50% at all voltages by 3 mM azimilide. For example, the block of HERG channels was 48.5 + 2.3% and 51.6 + 2.4% when the membrane was depolarized to 720 and 40 mV, respectively.
Analysis of the rate-dependence of azimilide block exerted an untypical behaviour. As illustrated in Figure 3a , azimilide block of HERG channels was smaller at an increased stimulation frequency (n=5). To test in detail whether the channel activation frequency aects the apparent anity for azimilide we performed complete concentration-blockade at low frequency (at 10 s intervals = 0.1 Hz). At this lower channel activation frequency the concentration-blockade relationship for azimilide was shifted signi®cantly to lower concentrations. At 0.1 Hz the interpolated IC 50 for azimilide was 1.4 + 0.2 mM (Figure 3b: n=5) . Because extracellular K + aects HERG channel activation, inactivation and deactivation and possibly channel conformation, we analysed the frequency-dependence of azimilide block at dierent [K + ] e . As illustrated in Figure 3c , after reaching a steady-state block of HERG channels at a low stimulation frequency (24 s interval between depolarizations), an increase in the stimulation frequency (to 0.33 Hz) decreased HERG channel blockade signi®cantly (n=5). At high [K + ] e , steady state block of HERG channels was decreased. However, this block did not reveal a signi®cant frequency-dependence (Figure 3d; n=5) .
Subsequently, we also analysed the eects of [K + ] e on the apparent azimilide anity in more detail. As shown in Figure  4a and b, an increase in [K + ] e decreased azimilide anity. Determination of the concentration blockade relationship revealed interpolated IC 50 values of 1.2 + 0.2 mM and 12.6 + 0.8 mM under 2 and 10 mM [K + ] e , respectively ( Figure  4c; n=6) .
To con®rm the above results in a more physiological model, we tested the eects of azimilide on native I Kr currents in mouse AT-1 cells. Phenotypical I Kr currents recorded from a representative AT-1 cell during 1 s depolarizing voltage steps from a holding potential (V h ) of 740 mV to a test potential of 20 mV are shown in Figure 5a . In the presence of 4 mM [K + ] e , azimilide blocked I Kr in these cells in a concentration-dependent manner with an IC 50 of 1 mM which is very similar to that observed for HERG channels described above at low stimulation frequency (Figure 5c; n=5) . After normalization of the steady-state currents (Figure 5b ) it is obvious that under azimilide the rise of I Kr appeared to be faster and at 3 mM I Kr displayed even a small relaxation. Such an apparent faster rise of current and current relaxation could re¯ect binding of the drug after channel opening, as it has been described for other channel blocker (Snyders et al., 1992; Yang et al., 1995) . As described above for HERG channels expressed in oocytes, an elevation of [K + ] e to 10 mM resulted in a signi®cant decrease in the degree of inhibition of I Kr by azimilide. Azimilide (3 mM) blocked I Kr by 67 + 7% under 4 mM [K + ] e , but the block was signi®cantly reduced to 47 + 7% under 10 mM [K + ] e (Figure 5d ).
Azimilide has been shown to block the I Ks channel, another important cardiac delayed recti®er K + channel (Busch et al., 1994b) . Here, we tested whether changes in [K + ] e had an eect on the azimilide block of I Ks channels induced in Xenopus oocytes by the expression of the human I sK protein. As described previously (Busch et al., 1994b) , I Ks channels were inhibited with an IC 50 of 2.6 + 0.1 mM (Figure 6a,b; n=5) . In contrast to HERG channels, the azimilide block of I Ks channels was not signi®cantly altered by an increase in [K + ] e to 10 mM and an IC 50 of 3.1 + 0.2 mM was obtained (Figure 6b; n=4) .
The HERG channel blockers terfenadine, astemizole and haloperidol have recently been shown to accelerate channel inactivation (Suessbrich et al., 1996; 1997b) . Further, these compounds exerted a lower apparent anity to the mutant HERG S631 (Suessbrich et al., 1997a,b; unpublished results) , a channel which inactivates to a lesser extent (SchoÈ nherr & Heinemann, 1996) . Here, azimilide did not alter the rate of channel inactivation at 715 mV signi®cantly, which was 14.0 + 0.6 ms and 12.5 + 0.4 ms (n=4; P=0.08) at control and 3 mM azimilide, respectively. Moreover, the channel mutant HERG S631 displayed a similar sensitivity to azimilide blockade (IC 50 of 2.6 + 0.4 mM; n=5) as HERG wild-type channels (Figure 7a,b ).
Discussion
HERG channels underly the cardiac K + conductance I Kr (Sanguinetti et al., 1995) and both over-expressed HERG channels and the native I Kr conductance have been shown to be speci®cally inhibited by methanesulphonanilide class III antiarrhythmics (Sanguinetti & Jurkiewicz. 1991; Lynch et al., 1994; Trudeau et al., 1995; Jurkiewicz et al., 1996; Kiehn et al., 1996; Snyders & Chaudhary, 1996; Spector et al., 1996) . There are two main disadvantages with the use of these methanesulphonanilide antiarrhythmics: (1) they can cause proarrhythmic eects, especially during bradyarrhythmias and hypokalaemia (reviewed by Roden, 1996 and (2) their ecacy is decreased at high heart rates and after badrenoceptor stimulation, mainly as a consequence of strong up-regulation of the slowly activating K + conductance I Ks (Sanguinetti et al., 1991; Jurkiewicz & Sanguinetti, 1993) . For these reasons, strong eorts have been focused on the identi®cation of novel blockers for the slowly activating conductance I Ks , which may not have these disadvantages. So far, three compounds chemically unrelated to methanesulphonanilides have been shown to block I Ks in heart myocytes and I Ks channels expressed in Xenopus oocytes; the imidazolidinedione azimilide, the chromanol 293B and the 1,4 benzodiazepine, L735,821 (Busch et al., 1994b; 1996b; Salata et al., 1996) . However, whereas the chromanol 293B and L-735,821 display a high selectivity for I Ks over I Kr , azimilide appears to block both conductances with little speci®city (Fermini et al., 1995) .
Azimilide has since been demonstrated to produce pronounced antiarrhythmic ecacy in numerous arrhythmia models (Black et al., 1993; Restivo et al., 1996; Brooks et al., 1996) . Whereas the mechanism of azimilide block of I Ks channels has been analysed in great detail (Busch et al., 1994a; Herzer et al., 1995) , little is known about the characteristics of azimilide block of I Kr and the underlying HERG channels. The present study was designed to analyse the mechanism of HERG channel block by azimilide in order to understand better the antiarrhythmic properties of this compound. Azimilide blocked HERG channels with an anity similar to that of I Ks channels, but with some unique features which dierentiate this drug from other HERG channel blockers and may in¯uence its antiarrhythmic properties. Azimilide blocks HERG in a reverse use-dependent and voltageindependent manner, which contrasts with that of all other known HERG channel blockers. For example, the HERG channel blockers dofetelide, E-4031, terfenadine, astemizol, haloperidol and clo®lium all block with positive use-and voltage-dependence (Trudeau et al., 1995; Snyders & Chaudhary, 1996; Spector et al., 1996; Suessbrich et al., 1996; 1997a,b) . Moreover, whereas haloperiodol, astemizole, terfenadine and clo®lium were shown to accelerate apparently HERG channel inactivation and had reduced inhibitory potency for the lesser inactivating HERG S631A mutant channels (Suessbrich et al., 1996; 1997a,b) , azimilide did not aect HERG inactivation and had a similar inhibitory potency for the mutant channels. This suggests a dierent binding mechanism for azimilide. The reason for the reverse use-dependence of azimilide block is not completely clear, but may involve an interaction of azimilide with K + close to its binding site for the following reasons: (a) at high frequencies the K + concentration close to the pore is known to increase and (b) under conditions of high [K + ] e the reverse usedependence was largely abolished. Furthermore, under high [K + ] e the apparent anity of azimilide was reduced 10 fold. Modulation of dofetelide mediated block of HERG channels by [K + ] e has also recently been described (Yang & Roden, 1996) . The mechanism of this modulation of block by [K + ] e is unclear, but may involve conformational changes of HERG channels which could aect the drug binding site(s).
In contrast to HERG channels, changes in [K + ] e did not aect the azimilide block of I Ks channels. Further contrasting with its eect on HERG channels, I Ks channels have previously been shown to be blocked by azimilide in a use-dependent manner. It is dicult de®ne clearly the contribution of I Kr versus I Ks blockade by azimilide for its antiarrhythmic action because, apart from the distinct eects of azimilide on these conductances, one must consider that frequency and [K + ] e regulate the relative contribution of these conductances to cardiac action potential repolarization. It was shown that the relative contribution of I Ks to action potential repolarization increases at an increased heart rate or after b-adrenoceptor stimulation (Sanguinetti et al., 1991; Jurkiewicz & Sanguinetti, 1993) . Taking into account the fact that I Ks blockade by azmilide is not altered after b-receptor stimulation and is positively use-dependent (Herzer et al., 1995) , the present data suggest that I Ks blockade by azimilide becomes more important for its action at elevated heart rates and/or badrenoceptor-mediated tone. In contrast, at low heart rates azimilide is expected to prolong action potenial duration principally by blocking I Kr . Since high [K + ] e upregulates I Kr but decreases the azimilide block, the relative contribution of I Kr block by azimilide under these conditions remains unclear. In summary, azimilide is a potent blocker of both I Ks and HERG channels. The relative contribution of the respective channel blockade to the antiarrhythmic eects of azimilide is expected to depend on conditions such as heart frequency, [K + ] e and b-adrenoceptor-mediated tonus.
